Retinal ganglion cells (RGCs) of adult mammals normally suffer from retrograde cell death after optic nerve section. However, with transplantation of a segment of peripheral nerve (PN), their axons can regenerate and regrow through the graft. When properly guided, the regenerated axons make functional synapses with the target cells in the superior colliculus. Two months after PN graft we studied the number and morphology of RGCs with regenerated axons in adult cats. Number of regenerated RGCs was a few percent of the total population and, among various RGC types, h cells revealed the greatest ability for axonal regeneration and ON-center RGCs tended to regenerate better than OFF-center cells. While dendritic field dimension of RGCs with regenerated axons was mostly preserved, their regenerated axons were thinner than normal optic axons and mostly unmyelinated. The RGCs with regenerated axons revealed normal physiological properties in response to visual stimuli, and were classifiable into Y, X or W cells. In accordance with morphological results, Y cells (morphological h cells) were most frequently sampled. In hamsters and rats it has been shown that the animals with reconstructed retinocollicular pathway by the PN graft reveal behavioral recovery of visual function. However, in the cat, trials are still in progress to reconstruct the retinogeniculate pathway. The present status of researches on optic nerve regeneration of adult mammals using the PN graft is reviewed, and some future directions discussed.
Introduction
Injury to axons of CNS neurons results in both retrograde and anterograde degeneration, and ultimate cell death. Since the work of Aguayo and his associates [1] , however, it is now well established that these CNS neurons can regenerate their axons along the grafted peripheral nerve (PN). In the visual system, So and Aguayo [47] provided the first convincing evidence for optic nerve regeneration in adult mammals. After making a small lesion in the retina of adult rats, they inserted a small segment of autologous sciatic nerve. Two months later they identified retinal ganglion cells (RGCs) with regenerated axons in whole-mounted retinas. Vidal-Sanz et al. [63] transplanted a piece of PN segment to the stump of the completely sectioned rat's optic nerve, and showed that many more RGCs regenerated their axons. Further they inserted the central end of the PN grafts into the superior colliculus (SC) and showed that regenerated axons make synaptic connections with target neurons in its superficial visual layers [4, 63] . The retinocollicular synapses were then shown to function physiologically by recording transsynaptic activations of SC neurons in response to visual stimuli [20, 28, 45] .
In the present review we focus on our recent results on axonal regeneration of cat RGCs and their functional recovery of vision with some reference to related works in rodents. Special emphasis will be given on the extent to which PN grafting was successful for the functional recovery of vision after optic nerve transection. The molecular and genetic mechanisms relevant to the optic nerve regeneration will be dealt with in other articles of the present issue [6, 48] .
Number and distribution of RGCs with regenerated axons

Number of regenerated RGCs
Two months after the PN transplantation we counted the number of RGCs that had regenerated their axons along the graft [70] . Approximately 4000 -5000 RGCs were labeled when tetramethylrhodamine-conjugated dextran (TMRD) was used as a retrograde tracer. In earlier experiments we used HRP as a retrograde tracer, and obtained only 500 -1000 labeled RGCs. But there were about three to four times more normal-looking RGCs in Nissl-stained retinas [68] . Thus, in these earlier experiments, the numbers of RGCs with regenerated axons were underestimated. Consequently, we assumed that about 3 -4% of the total RGC population [24, 51, 53] regenerate their axons after PN graft in adult cats, the proportion being similar to those reported previously in other animals. According to the study on rats [63] , the proportion of regenerated RGCs was in the range of 1-10% of the total population, though it varied significantly in individual cases. In the hamster retinas with PN grafts, the numbers of the RGCs with regenerated axons ranged from 800 to 1800, corresponding to 0.7-1.6% of the total population (Inoue et al., unpublished).
Distribution of regenerated RGCs
The cat RGCs with regenerated axons were distributed widely from central to peripheral retinas with the highest density around the area centralis with an horizontal extension [70] . The distribution resembles density profiles of RGC distribution in the normal cat retina [24, 51] . Thus, the distribution pattern is similar to the previous study on the rat retina by Vidal-Sanz et al. [63] , who reported that regenerated RGCs were distributed widely from central to peripheral retinas. The RGCs that survived axotomy were also distributed from central to peripheral retinas with some horizontal extension [73] .
Number of sur6i6ing RGCs after optic ner6e section
It might be the case that most of the RGCs with regenerated axons had an ability to survive axotomy for 2 months, even without PN grafting. To examine this we counted the number of RGCs that survived axotomy for 2 months [73] . At the time of optic nerve section, we applied a fluorescent dye, DiI [23, 69] , to the stump, as the dye is known to bind to the cell membrane and persist as long as axotomized RGCs survive. The mean number of RGCs that survived axotomy was 3276 which is 60% of the regenerated RGC population, though the number varied widely in four retinas.
We should keep in mind, however, that the method we adopted for retrograde labeling can detect only RGCs that had regenerated axons up to the point of dye injection, about 40-50 mm from the optic nerve stump. Accordingly, there might be many more RGCs with regenerating axons for a short distance in the graft or even in the retina. Similarly, we could not label RGCs that survived axotomy and had retracted axons within the retinas. In order to obtain a more exact number of surviving RGCs we are trying to stain all the surviving cells by using a monoclonal antibody C38 which has been shown to stain solely RGCs [64, 65] .
Regeneration capacity of , and other cells
One of the advantages of studying on optic nerve regeneration in cat RGCs is that we can unequivocally identify cell types on the basis of soma size, dendritic field size, and dendritic configuration [2, 18, 43, 49, 50] . At a survival time of 2 months, we retrogradely labeled the RGCs with regenerated axons. Then, with intracellular injections of HRP [38] or Lucifer Yellow [57] , we visualized detailed dendritic morphology of the RGCs, and classified them into h, i and others, including k cells [68] [69] [70] . Although some of the RGCs exhibited growth and/or deterioration of some dendritic branches, as shown in regenerated RGCs of rats and hamsters [29, 56] , a great majority were identified as h, i or other cells, with some exceptions tentatively named 'unclassified' cells.
In general, h cells tended to preserve their original dendritic morphology, while a part of dendrites of i and other cells often degenerated. To quantify the occurrence of each cell type systematically we injected Lucifer Yellow into every RGC that appeared in local patches of the retina [70] . Table 1 [25] . The proportion of h cells in regenerated RGC population was thus about six times higher than that in intact retinas, and that of i cells was slightly higher than in intact retinas. The proportion of the remaining cells, NAB, was less than half of the k cell population in intact retinas [25] . From these results we have concluded that h cells have the greatest capacity to regenerate their axons and preserve their dendritic morphology [70] .
We also examined the proportion of h, i and NAB cells in a surviving population of axotomized RGCs [73] . Two months after the optic nerve transection, dendritic arbors of DiI-labeled surviving cells were [70, 71] . b Hughes [25] . c Watanabe et al. [73] . d These ratios were estimated from the total numbers given in parentheses.
visualized with injections of Lucifer Yellow in 390 cells from five retinae. Proportions of h, i and NAB cells are also summarized in the third line of Table 1 . We noticed that the proportion of i cells (8.5%) was much less than 40.4% in the normal retina. By contrast, relative proportion of h cells increased four times as compared with intact retinas. These findings are consistent with previous reports [10, 21, 22, 54] , all of which showed that i cells degenerated very quickly after optic nerve section, whereas h cells tended to survive longer.
The bottom two lines of Table 1 present the estimated ratios of axonal regeneration and of cell survival for each of the h, i and NAB cells. Let us suppose that 5000 RGCs regenerated their axons, then the total number of regenerated h cells was estimated to be 1200. Total number of h cells in normal cats is calculated to be 6300 (4.2% of 150000 cells). From these data, regeneration ratio of h cells turns out to be 19.0%. Similarly, regeneration ratios of i cells and NAB cells are estimated as 4.1 and 1.6%, respectively. From this analysis we can say that approximately every one-fifth of h cells regenerated axons, whereas every one-twentieth of i cells did so. On a similar supposition, we estimated the ratios of h, i and NAB cells that survived axotomy based on relative proportion and total numbers. The surviving ratio is again the highest in h cells, and the lowest in i cells [73] .
The present study on adult cat retinas has clarified that Y/h cells having large soma and large dendritic field are most resistant to axotomy, and regenerate their axons at the greatest extent. A similar size-dependent survival capacity of the optic nerve has been reported. Cottee et al. [10] showed that after crushing the optic tract in adult cats about half of the large RGCs, presumably h cells, survive with intact axons for longer than 2 years. In rats, as well, large RGCs have been shown to survive more effectively than smaller ones after axotomy [58, 59, 61] . In accordance with these reports, thicker optic fibers degenerate most slowly after complete section of the optic tract in adult rats [55] .
Thus, a general trend has emerged that large RGCs with thicker axons are more resistant to axotomy.
Conduction properties of regenerated axons
Almost all optic fibers of adult mammals are myelinated so that axonal conduction velocity exceeds 1 m/s. It would be interesting to find out how regenerated retinal axons are myelinated with Schwann cells in the PN graft. We observed cross-sections of the PN graft in rats by electron microscopy, and found that many unmyelinated axons appeared as a group. The grouped axons were always surrounded by the basal lamina or membrane of Schwann cells [19] . Similar observations have been reported by others [3, 11] .
It is possible that some nerve fibers of unknown origin misrouted into the PN graft. To distinguish regenerated optic axons from such misrouted ones, we injected biocytin into the optic disk of the PN-grafted eye, and made cross-sections of PN grafts and observed them electron microscopically [72] . Biocytin-labeled axons contained electron dense products with HRP-reaction in the cytoplasm. Most of these axons were unmyelinated, in contrast with optic nerve fibers in normal cats [26, 53, 76] . The labeled optic fibers of either myelinated or unmyelinated axons were always surrounded by the cell membrane or basal lamina of Schwann cells in the same way as we observed previously in rats [19] . All the myelinated fibers were enveloped with processes of single Schwann cells, while approximately one-third of the unmyelinated fibers were enveloped as a group, two to four fibers together, with processes of single Schwann cells [3, 11, 19, 72] .
The diameters of myelinated axons ranged from 0.7 to 2.4 mm, whereas those of unmyelinated regenerated axons ranged from 0.1 to 2.0 mm [72] . No single fibers exceeded 3 mm in diameter, which is the finest limit of the diameters of h cell axons. Thus, compared with the optic nerve fibers in intact adult cats [26, 53, 76] , regener- Table 2 Comparison of the proportions of ON-center, OFF-center and ON-OFF-center cells in physiological (Y, X and W) and morphological (h, i, k and others) samplings of regenerated cat RGCs
Others Total   113  14  234  4  ON-center  22  107  4  16  45  0  3  OFF-center  38  35  29  2  0  2  33  -2  2  ---ON-OFF center  2  0  2  113  19  274  33  Total  24  142  6  18  81 For comparison, those extended dendrites in sublaminae b and a of the IPL are listed as ON-center and OFF-center cells. a Miyoshi et al. [34] . b Watanabe et al. [74, 75] .
ated fibers are in the range of axons of normal i or k cells. The predominance of unmyelinated optic axons reminds us of optic nerve fibers in kitten. This is quite reasonable in view of the well-known fact that most axons are unmyelinated and smaller than normal ones in earlier stages of peripheral nerve regeneration. Conduction velocity of regenerated optic fibers with thinly myelinated or unmyelinated axons would be significantly slower than that of normal optic nerve fibers. We tried to measure conduction velocity and recovery properties to double shocks of regenerated optic axons by recording single teased fibers, while stimulating their axons in the middle of the graft. However, it was quite difficult to activate single axons successfully by electrical stimulation without damaging regenerated optic fibers. In spite of the limitation, we recorded some single unit activities of the RGCs with antidromic activation from the PN graft, and successfully measured their axonal conduction velocity. The velocity was estimated as 1 m/s or less [72] . The value accords with our observation of many unmyelinated axons in the regenerated optic nerve. According to Keirstead et al. [27] , the axonal conduction velocity of regenerated optic nerve fibers in rats is less than 9 m/s, which is also much slower than the maximum velocity of normal intact rat optic nerve fibers, 19 m/s [15] .
Receptive field properties of regenerated RGCs
Dendritic field properties
To assess the functional capacity of RGCs with regenerated axons we examined their dendritic field diameters. After HRP injections into the labeled RGCs, dendrites were traced and the RGCs were identified as h, i or other cells [70] . When the dendritic field size was plotted as a function of eccentricity, respective plots of h and i cells with regenerated axons were almost overlapped with those of the intact h and i cells [38] . Thus, two main types of RGCs have retained their original dendritic configurations, even after axotomy and axonal regeneration through the PN graft. Another notable finding was that many RGCs which were categorized as 'unclassified' were plotted at similar positions of h cells. This may imply that many of the unclassified cells were originally h cells before axotomy and were not classified as such because of deterioration of some of their dendrites [70] . If this is the case, the proportion of h cells which survived axotomy and regenerated their axons would further increase (see Table 1 ).
Physiological sampling of Y, X and W axons
We then studied whether RGCs with regenerated axons can transmit visual information within the PN graft [32] [33] [34] 71] . We recorded single unit activities from thin strands of nerve fibers teased from the PN grafts, and characterized receptive field properties on a tangent screen as done previously [7, 16, 18, 52] . Based on responses to stationary light spot ON and OFF, their brisk/sluggish and phasic/tonic natures and responsiveness to fast movement of light spots across the receptive field center, these units were identified as Y, X or W cells. Accordingly, we were able to classify 274 units; 142 units were Y cells, 113 units X cells, 19 units W cells (see Table 2 ). The relative proportions of Y, X and W cells were 51.8, 41.2 and 6.9%, respectively. In single unit recordings from the normal cat retina, the proportion of X cells ranges from 50 to 70%, while each of the Y and W cells is about 20-25% [16] . Thus, in physiological samplings the proportion of Y cells (physiological correspondence of h cells) was much higher than in normal cat retinas. The present physiological data again support our previous conclusion based on morphological studies that Y cells (or h cells) have the highest capacity to regenerate their axons.
Recepti6e field size
The receptive field center size was correlated with the eccentricity from the area centralis for Y, X and W cells with regenerated axons [34] , as found in the normal retina [52] . In contrast with the normal retina, however, the receptive field sizes of X cells in regenerated retina did not become smaller towards the area centralis. On the other hand, those of Y and W cells are similar to normal sizes [34] . One possible explanation for the larger size of X cells in the central retina would be excessive convergence of bipolar cell inputs onto surviving cells because many bipolar cells have lost their target RGCs, and may have made aberrant synapses onto surviving X cell dendrites within the inner plexiform layer (IPL). In any case, the present finding that RGCs with regenerated axons had apparently normal receptive field properties, except for their size, implies that much of the intrinsic retinal circuitry is retained in adult cat retinas following axotomy and during axonal regeneration.
ON-center 6ersus OFF-center cells
We noticed unequal proportions of ON-center versus OFF-center cells from physiological recordings. As summarized in the left hand columns of Table 2 , ONcenter cells predominated over OFF-center cells throughout the classes. Especially, no OFF-center X cells were recorded against 113 ON-center X cells. In the case of Y cells, the occurrence of OFF-center cells was about one-third of the ON-center cells. It has been reported that the proportions of ON-center and OFFcenter cells are almost equal in the normal cat retinas [8, 36, 52, 66, 67] . Therefore, from the present results, we suggest that there must be some difference in the capacity of axonal regeneration between ON-center and OFF-center RGCs.
In the sample of visual responses from regenerated optic axons in rats, 28 units were ON-center and 12 were OFF-center cells, and the other seven were ON-OFF-center cells [27] . Again, the predominance of ONcenter cells was apparent. Therefore, predominance of ON-center cells seems consistent in mammalian RGCs with regenerated axons.
Morphological sampling of ON-and OFF-center RGCs
As described above, ON-center cells were more frequently sampled than OFF-center cells. There might be sampling bias in favour of ON-center cells for unknown reasons, though we attempted to record from every single unit from the PN graft. To obtain morphological support for the predominance of ON-center cells over OFF-center cells, we examined dendritic ramifications of the RGCs in the IPL [74] . It has been well established in both h and i cells that ON-center and OFFcenter cells extend their dendrites in sublaminae b and a of the IPL, respectively [13, 14, 35, 36, 66, 67] .
Morphological data are summarized in Table 2 , right. As expected from physiological sampling, 22 out of 24 i cells (92%) extended their dendrites exclusively into sublamina b, whereas only two extended into sublamina a. Four out of six k cells extended dendrites into sublamina b and the remaining two k cells extended into both a and b sublaminae. Thus, the predominance of ON-center cells was verified morphologically, at least for i and k cells.
However, in 33 h cells, 88% were classified as OFFcenter type. This appears to be in conflict with the predominance of ON-center cells in physiological sampling (Table 2 , left). It is assumed that some morphologically 'unclassified' cells (others in Table 2 , right) responded as ON-center Y cells. The following observations support this assumption. First, most 'unclassified' cells have large soma and wide dendritic field and, thus, they were most likely to be originally h cells, as described above [70] . Second, 16 out of 18 (89%) NAB (including 'unclassified') cells were classified as ON-center on the basis of dendritic ramification in sublamina b [74] . Another possibility to explain the discrepant results between physiological and morphological samplings would be that OFF-center cells could be labeled retrogradely, with the dye diffusion into rather short regenerated axons in the PN graft, while their axons could not be picked up by teased fiber recording which was done towards the end of the PN graft.
In any case the present morphological and physiological results suggest that there must be some difference between ON-center and OFF-center pathways in terms of retrograde RGC cell death and/or capacity of axonal regeneration. At present we do not know why such a difference occurs.
Reconstruction of the retinothalamic pathway
Functional recovery through regenerated axons can be obtained only when optic axons regenerated through the PN graft make functional connection with the visual centers. Most of the previous trials have been done to connect the PN graft to the SC or the pretectum, which are the well-developed visual centers in rodents. However, the lateral geniculate nucleus (LGN) is more developed in higher mammals, such as cats and primates. We should recall that X cells project exclusively to the LGN, through which retinal information is transmitted to the visual cortex [16, 37, 39] . Given this situation, reconstruction of the retino-geniculate projection is necessary in adult cats. We made a number of trials to accomplish this. However, it was extremely difficult to guide the end of PN grafts properly into the LGN, because of instability of the graft within the brain during 4 months or longer. In spite of the difficulty, we successfully located an end of the PN graft into the LGN of two cats [75] . The number of labeled RGCs from the PN graft bridged to the LGN was greater than those of RGCs, which were connected to the visual or frontal cortex with PN grafts [75] . So far we have not yet provided direct evidence for synaptic formation of regenerated optic axons with postsynaptic cells in the LGN. However, in view of the long survival (115-148 days) of RGCs after the transplantation and of having their original dendritic morphology, it is most probable that regenerated retinal axons have made synaptic contact with target cells. Recently, Carter and Jhaveri [5] successfully guided PN grafts into the LGN of hamsters, and reported that terminals of regenerated retinal axons can be classified into several types, as have been reported in normal animals.
Functional recovery of vision in reconstructed retinocollicular projection
Keirstead et al. [28] provided the first evidence for transsynaptic activation through synapses formed by PN grafts in the hamster SC. They recorded single unit activities from postsynaptic neurons of the SC near the insertion of the PN graft, and reported noticeable peaks on the poststimulus time histograms in response to diffuse flash light applied to the operated eye. However, they were unable to localize the receptive field center for each unit. In a recent work by Sauvé et al. [45] , the receptive field center was localized within 4 -10°which is equivalent to the size of receptive field in intact SC cells [17] . With detailed analysis on reinnervated SC cells, Sauvé et al. [45] suggested that regenerated retinal axons terminate onto more than one postsynaptic neuron, so that synaptic connections must be more divergent than normal. As to the retinotopic representation of regenerated retinocollicular projection, Sauvé et al. [44] reported that it was not restored well with some preferential representation of temporo-nasal retinal dimension onto the rostro-caudal collicular dimension.
Behavioral evidence for functional recovery of vision has been accumulated in transected and reconnected retino-midbrain pathway in rodents. Thanos [60] clearly showed that pupillary light response was restored only when the graft was inserted into the pretectum (probably into the olivary nucleus), though the response latency was slower and the amplitude of pupillary constriction was smaller than normal. Sasaki et al. [41] have shown that only hamsters with ipsilaterally reconnected retinocollicular projection of one side can learn light -dark discrimination task but not without reconnection. In a recent work on the rat with the reconstructed retinocollicular pathway, Sasaki et al. [42] have shown that the EEG desynchronization as well as body movement was induced after light exposure to the transplanted eye. These findings actually indicate that visual information was transmitted through the regenerated retinal axons in the PN graft, further to SC cells, finally to a higher visual center which is essential for behavioral arousal. After injection of macrophage-inhibiting factors into the eye, in addition to PN graft, Thanos et al. [62] have shown, in regenerated retinocollicular projection, that retinotopic representation was restored based on behavioral evidence such that the rats with reinnervated SC can discriminate vertical bars from horizontal bars.
Conclusions and future directions
From the present series of studies on the cat retina and optic nerve, several characteristics of regenerated RGCs and their axons become clear (see Fig. 1 ). First, of the two main types of RGCs, h cells have greater ability to regenerate their axons through the PN graft than i cells do. Second, most of the regenerated axons are unmyelinated in spite of the fact that recordings of regenerated optic axons revealed as normal visual responses as those from Y and X axons. Third, as schematically depicted in the lower diagram of Fig. 1 , ON-center RGCs regenerate their axons more effectively than OFF-center cells.
The reason why such preferential regeneration of h cells and ON-center cells occurs is largely unknown. In this respect, several interesting questions arise. There have been several indications that neurotrophic factors, such as BDNF and NT-4 rescue effectively some RGCs after axotomy and induce axonal growth [9, 30, 31, 46] . Thus we can ask whether any difference exists in the expression of neurotrophin receptor(s) among RGC types. On the other hand, better regeneration capacity of h cells may be causally related to their resistance against axotomy. Since retrograde death of RGCs is thought to be due partly to apoptosis, one can ask whether or not h cells express more antiapoptotic molecules, such as bcl-2 [6] . On the contrary, it is also interesting to ask why i cells dye back rapidly after axotomy. Sylveira et al. [54] put forward a hypothesis of 'glutamate toxicity' as a possible mechanism since i cells are innervated exclusively by bipolar cells which use glutamate as a transmitter. This hypothesis could be supported by the report of Russelakis-Caneiro et al. [40] , who observed that retrograde death of RGCs can be rescued by the treatment with an NMDA antagonist.
Similarly, greater regeneration ability of ON-center cells should also be addressed experimentally. Different intraretinal neuronal circuitry between ON and OFF pathways may be responsible for the different susceptibility to axotomy and capacity for axonal regeneration, including different synaptic and molecular environments between sublaminae a and b of the IPL. Future studies are definitely needed to clarify the mechanisms underlying RGC type-specific degeneration and regeneration.
We must admit at present that only a small fraction of RGCs regenerate their axons through the PN graft. To overcome this limitation, we should explore new methods and techniques to improve numbers of regenerated RGCs. Thanos and his associates [61, 62] claim that intraocular injections of macrophage-inhibiting factors increase the number of regenerated RGCs in PN grafted rats. However, no supporting studies have been reported in the same animals nor in other animals. More recently, the gene essential for BDNF production was injected into the intraocular space using adenovirus vectors [12] . Through the trial it is expected that survival of RGCs after axotomy can be increased, and axonal regeneration of RGCs would be increased as the result. Another possibility to increase the number of regenerating optic axons is an application of one or more trophic factors directly into the cut optic stump. Methods for continuous supply of trophic factors or their derivatives into the vitreous or into the junction between the sectioned optic nerve stump and the PN graft would also be worth trying. The next step toward functional recovery of vision would be to make firm synaptic contacts between regenerated retinal axons and target neurons of the SC or the LGN. However, so far we have no clue as to which molecules are responsible for synapse formation in the CNS of adult mammals. Further studies are also required on this point.
